I. INTRODUCTION
Using magnetic insertion devices to generate high frequency synchrotron radiation in the soft x-ray regime requires acceleration of electrons to GeV energies, which can be achieved with existing technology through the use of linear accelerators that are tens of meters long. Beyond the accelerator, the insertion device, which undulates the beam causing it to radiate, may also be many meters long. In contrast, Laser Wakefield Acceleration (LWFA) can achieve similar acceleration and concomitant radiation over mere millimeters. LWFA can produce monoenergetic beams 1 when electrons are accelerated by the strong electric fields associated with relativistic plasma waves driven by a high power short pulse laser. Electron beams generated in this manner can have GeV energy, 2 and so may also be useful for generating short wavelength radiation through various means such as injection into an undulator 3 or by back-scattering laser light. 4, 5 However, the advantage of the LWFA scheme in compactness can be compounded further because the electric fields in the plasma wake can also cause the beam to undulate simultaneously, making an external insertion device unnecessary. The relevant spatial scale in this case is the wavelength of the betatron oscillations, k b ¼ k p ð2cÞ 1=2 rather than the spacing of magnets in an undulator, O(cm). In this equation, c is the relativistic Lorentz factor of the wakefield accelerated electron beam and k p is the relativistic plasma wavelength. Due to the inherently microscopic scale of this undulator, electrons in a LWFA radiation source produce higher frequency radiation as compared to electron beams of a similar energy in a conventional magnetic insertion device. This radiation (sometimes referred to in the literature as betatron radiation, as it results from the betatron oscillations of the electron in the wakefield cavity) can be highly directional and extremely bright. Betatron motion has been studied theoretically in an ion channel 6, 7 or bubble, 8 and in simulation 9 and has been measured experimentally, [10] [11] [12] [13] [14] with recent measurements of the photon distribution 15, 16 and demonstration of its use as a diagnostic of beam emittance. 17 The wiggler parameter for betatron oscillations is K b ¼ ffiffiffiffiffi 2c p pr 0 =k p , where r 0 is the spatial amplitude of the betatron motion. In LWFA experiments, the radiated wavelength and strength parameter vary with time and typically, the wiggler parameter is large, K b > 1, although some experiments have inferred smaller wiggler parameters. 18 The spectrum in the case of large K b is expected to be synchrotron-like, with a broad spectrum peaking near the critical photon energy
Recently some of the potential advantages of using laserdriven betatron sources have been demonstrated. For example, in Ref. 19 the radiation source size was inferred to be $ 1 lm. Betatron radiation generated from LWFA conducted in the bubble regime was also recently investigated in Ref. 20 , in which the radiation from a 10 mm gas jet target was measured using a CCD camera. The measured radiation was found to have significantly higher peak brightness (10 22 photons/s/mm 2 /mrad 2 /0.1%BW) than previous measurements and the peak brightness of the betatron radiation was shown to be as high as 3rd generation synchrotron facilities. The radiation spectrum in a) Present address: University of California, San Diego, San Diego, CA 92093, USA.
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that case was measured with low resolution using x-ray filters.
In this paper, we discuss systematic measurements of the x-ray fluence and the x-ray spectrum using single-hit photon-counting measurements. 21 The data cover a wide range of laser power (30-120) TW, and densities (0.5-2.1 Â 10 19 cm
À3
). Measurements were taken using a deep depletion CCD camera (Andor DO934P-BR-DD), which is less sensitive to photons with energy hx < 2 keV and more sensitive over the range 3-20 keV as compared to the previous measurements. 20 All data were taken with a 360 nm Al filter positioned over the camera as well as Mylar filters of differing thickness. The detector, having 1024 Â 1024 pixels of size 13 Â 13 lm ) and was comparable to the shot-to-shot pointing stability of the x-ray beam.
The measured signal varied from shot-to-shot during these experiments and it was necessary to average over several shots to observe scaling trends. This is perhaps because as mentioned above the detector acceptance angle was comparable to the pointing stability. Because of the linearity of the detector (1% maximum deviation), the signal above readout noise integrated over the detector is a good indicator of the total energy in x-rays within the response window of the detector and the filter system (roughly 3-20 keV) although the number of photons can only be calculated from these data by making assumptions about the photon energy spectrum. If the x-ray spectra change significantly from shot-to-shot, particularly if the spectra have a critical energy around 4-5 keV (below which the transmission of Mylar drops), this would also contribute to the observed variation. Additionally, the xray beam divergence is likely to be sensitive to the electron beam divergence, energy, and source size which all vary somewhat from shot-to-shot and depend on experimental parameters such as density.
All experiments were taken using the HERCULES laser at the Center for Ultrafast Optical Science at the University of Michigan, a Ti:Sapphire laser system with central wavelength 810 nm and minimum pulse duration 35 fs. The laser was focused using an f =10 off-axis parabolic mirror to a focal spot of 12 lm FWHM. Using these parameters, electron beams produced by Laser Wakefield Acceleration in the bubble regime at the lower densities were investigated, as well as forced wakefield acceleration in the higher density regime. 22 The setup is shown in Fig. 1 . The electron beam charge and spectrum were measured using a 0.8 T magnet and a Lanex scintillating screen. Typical electron spectra are shown in Fig. 2 . The source size was measured from the xray shadow, first of standard radiography targets as shown in Fig. 1 (inset) and then, using the cleaved edge of an InSb crystal. The radiation was also previously found to exhibit spatial coherence, enabling high resolution phase contrast imaging of dense objects. 23 
II. X-RAY SCALING MEASUREMENTS
In Fig. 3(a) , the total x-ray fluence (energy per unit solid angle) (blue) and the electron charge (green) are plotted for 17 single shots. These data were taken with a 5 mm nozzle and laser power 58.4 6 2.5 TW. The notable correlation between fluence and beam charge indicates that nearly all of the accelerated relativistic electrons contribute to the x-ray radiation. The correlation is further shown in Fig. 3(c) . The overall shape of the charge curve as a function of density has been observed repeatedly in previous LWFA experiments with the HERCULES laser-an initial rise in charge above the injection threshold density followed by a steep fall off in charge as plasma density is increased beyond the condition k p < cs. The two highest fluence data points from the 5 mm data, which stand out above the rest, are distinguished from the other shots because the electron spectra were much more monoenergetic, with most of the charge in the highest energy part of the beam. As shown in (b) and (d), the x-ray fluence depends not only on beam charge, but also on the average energy of the beam. Figure 4(a) shows the x-ray total energy fluence, F, as a function of density for three laser power settings. Each data point gives the fluence averaged over several shots (up to 16) under identical experimental conditions and the error bars span one standard deviation of those shots. Shots with Q < 20 pC electron beam charge were excluded.
The rise and fall in x-ray fluence with increasing density within each power data set curve are due in part to the trend in trapped electron beam charge as a function of density discussed above [see Fig. 3(a) ]. As laser power is increased, xrays can be generated at lower density and the total x-ray
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Phys. Plasmas 25, 043104 (2018) energy increases more than linearly (see the inset, which plots the highest fluence from the three data sets). These effects can be explained by considering the effect of laser power on the LWFA process. As found in a series of experiments with the HERCULES laser and covering the same parameter space, 24 the threshold injection density scales as n inj / P À0:8 , and the maximum energy gain scales inversely with density E max / n À1:4 . These findings are in qualitative agreement with theoretical predictions. 8, 25 The beam charge has also been observed to increase with power. Considering that k b / c À3=2 and E c / c 2 r 0 , it is consequently expected that the x-ray energy fluence should increase non-linearly with power. From the analytical model constructed in Ref. 8 , the radiated energy from electrons accelerated in a bubbleshaped potential is
The radiation cone is assumed to narrow with increasing gamma, giving a fluence density F rad / E rad =h 2 / E rad c 2 . Here, we assume that the laser is self-focused, consistent with operation in the bubble regime, a 0 ¼ 2ðP=P crit Þ 1=3 ðn e = n c Þ 1=3 and also that the electron energy is governed by the density, c ¼ 2a 0 ðn c =n e Þ. Combining these expressions yields
which is close to the empirical scaling in derived from the data in the inset to Fig. 4 . Additionally, the x-ray spectra were measured using the Andor CCD where the x-ray fluence was controlled such that each pixel of the CCD on average measured less than 1 photon. This was achieved primarily by using Mylar and/or metal filters and by increasing the detector distance from the source. The extended separation also helps to evenly illuminate the detector but makes pointing fluctuations more problematic. In this "single-hit" regime, the signal from a single pixel could be attributed to a single photon, with signal proportional to the photon energy. For this measurement, many pixels are needed. The detector energy scale was calibrated using both Fe-55 and Am-241 radioactive sources. The histograms taken from the single-hit data indicate single shot fluence as high as 10 11 photons per steradian within the range 4-20 keV averaged over the detector (2-3 Â 10 À5 sr), though the beam appears to be much larger than the detector area on many shots.
Several spectra are compared in Fig. 4 . The data presented here were taken with a 3 mm nozzle and 100.0 6 4.7 TW laser power. The gas jet backing pressure was varied. The electron beams had maximum energies ranging from 165 to 226 MeV with either broad or monoenergetic electron spectra. As shown in the logarithmic plot, the radiated spectra can broadly be described by assigning a single photon effective temperature. From the data in this figure, no trend in the effective temperature is obvious and from the entire dataset, the effective temperature appears to be insensitive to experimental parameters. Adjusted for the temperature, the qualitative shape of the x-ray spectrum did not change significantly and could be well described by a synchrotron-like spectrum rather than an undulator spectrum consisting of broadened harmonics.
The spectral data reaffirm the flux dependence on charge and energy observed in the fluence measurements. The dominant trend in Fig. 4 is that x-ray fluence increases with charge. However, the exceptions are those shots that have broad electron energy spectra. The electrons with low energy in the broad spectrum shots produced fewer photons within the detection spectral window. When normalized to charge (not shown), the signal from the 197 pC shot, which had a broad spectrum and the lowest maximum energy of all the shots, falls below all the other curves. 
III. COMPARISON OF THE LWFA X-RAY SOURCE WITH K-a EMISSION FROM A COPPER TARGET
Despite typically having a broad spectrum, the LWFA x-ray source has several important advantages as compared to other x-ray sources with regard to directionality, source size, and pulse duration for many applications. One of the most common laser driven sources for x-ray backlighting and x-ray probing of plasma is the K-a source. For K-a photon production, an intense laser is focused onto a material and the energetic electrons produced during the interaction collide with the ions, causing an inner shell electron to be ionized from atoms in the target material. K-a photon emission, corresponding to emission of a photon during the deexcitation of an L-shell electron to the vacant K-shell, is the most likely result, especially for low-Z materials. In a material like copper, the electrons can continue to generate Kshell vacancies for picoseconds after the interaction. 26 In our experiments, we were able to directly compare the LWFA xray source with the characteristics of a copper K-a source for the same power laser, by using an identical experimental FIG. 3 . Correlation is observed (a) between x-ray fluence (blue) and electron beam charge (green) for 17 shots using a 5 mm nozzle and 60 TW. Dependence on charge is further shown in (c). In (b), the data have been normalized by charge (and averaged in each bin). Two shots in which the beam was monoenergetic at high energy (marked by "x") stand out when normalized to charge, i.e., these beams had higher charge-averaged energy than the other beams. As shown in (d), the fluence also increases with maximum beam energy. (b) X-ray spectra acquired using the Andor CCD camera in single-hit operation. The feature at 6.4 keV is the K-a line of iron likely produced from energetic electrons colliding with the vacuum chamber walls.
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McGuffey et al. Phys. Plasmas 25, 043104 (2018) setup simply by placing a copper target of 50 or 100 lm thickness in the position of the gas jet focus. In this way, we could compare the total flux of x-ray photons and the spectrum as well as the image resolution of either a K-a x-ray source or LWFA x-ray source which could be used as a backlighter with the same energy laser. Figure 5 shows the signal on an x-ray sensitive CCD camera for 4 shots under varying conditions. In these experiments, several different filters were used in front of the x-ray camera. In addition, a 10 lm thick copper mesh was placed between the x-ray source and the detector. The transmission properties of the various filters are also shown in Fig. 5 . In Fig. 5(a) , an image taken with the LWFA x-ray source is shown using "self-injection," i.e., the target gas was pure helium. In Fig. 5(b) , the target gas was a mixture of helium and a 5% component of nitrogen. The use of a small amount of nitrogen dopant enables an increase in the charge of the electron beam generated due to the additional process of ionization injection of electrons into the laser produced wakefield, 27 which then contributes to the charge of the accelerated electron beam. Finally, Fig. 5(c) shows the image taken with the K-a source as a comparison. In all the images, various metal filters overlay the image, with the transmission curves shown in Figs. 5(d) and 5(e).
It is clear from Fig. 5 that the source size is greatly increased in Fig. 5 (c) compared with Fig. 5(a) and Fig. 5(b) . Clearly, the x-ray source size using the K-a emission is much larger than the 10 lm size of the mesh such that it cannot be resolved using the backlighting technique. This confirms that the source size of the K-a is significantly larger than that of the LWFA x-ray emission. This is due to the hot electrons spreading out from the small focal spot interaction and either refluxing or propagating along the surface in the strong electromagnetic fields generated at the surfaces. 25 In Fig. 5(f) , the source size measured using an InSb cleaved crystal (by fitting an error function) is plotted as a function of density for both pure helium and helium with a 5% component of nitrogen. There is no clear difference in the source size for "ionization-injection" and "self-injection," and the trend with density is weaker than the shot-to-shot variation in the source size.
In these experiments, we also used a curved quartz crystal to image the x-rays produced from both the LWFA x-ray source and the K-a source. The reflectivity of the crystal was chosen to be optimized for collection of the copper K-a line at 8.048 keV. The experimental set-up is shown in Fig. 6(a) . Image plates sensitive to 8 keV photons were used as the detector in these shots. The data are shown in Figs. 6(b) and 6(c). It is clear from these data that despite the LWFA x-ray radiation having a much broader spectrum, it has a sufficient flux of x-rays/steradian within the reflectivity range of the curved crystal to enable efficient diffraction and focusing even when compared to a K-a source. Note also that the K-a source emits photons isotropically and typically has a pulse duration of a picosecond or longer compared to emission from the LWFA, which can have an x-ray pulse duration even less than the laser duration.
IV. DISCUSSION AND CONCLUSIONS
In conclusion, the increase in accelerated charge and maximum energy gain made possible by an increase in laser power means that the total x-ray energy radiated from betatron oscillations in LWFA scales much faster than linearly with laser power. The radiated energy varies nearly linearly with charge as would be expected for independently radiating electrons. In the ideal case of a laser wake-field FIG. 5 . Direct comparison of the x-ray flux from several laser generated sources. The top panels show the x-ray transmission through various metal filters and a copper mesh, with the configuration of filters shown to the left. (a) Helium gas target ("self-injection") and (b) helium and nitrogen mixed gas target ("ionization injection"). (c) K-a source from a 10 lm thick copper target. Note that the 50 lm copper mesh superimposed over the filters is resolved in (a) and (b) but is not resolved in (c). (d) and (e) The photon energy dependent transmissions of the various filters. (f) The source radius as a function of density for helium gas target (red) and the helium and nitrogen mixed gas target (blue) measured using a cleaved InSb crystal.
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Phys. Plasmas 25, 043104 (2018) accelerator that generates a monoenergetic beam at the highest possible energy, the radiated energy fluence is maximized per unit charge. However, the total fluence may be increased further in the event of beam driven acceleration that can trap additional charge, and also beam driven instabilities, which can cause the emission of additional radiation. The radiated spectrum was measured directly, showing a smooth synchrotron-like spectrum with photon energies in the keV range from a few mm laser wakefield accelerator generating electron beams with 100s of pC charge and maximum energy 192 MeV. No evidence of radiation in a low wiggler parameter (undulator) regime was measured under these experimental conditions. We have also shown that the x-ray fluence is similar to that produced from K-a emission generated by interaction with a Cu target using a spherically curved crystal collection optic in a similar experimental setup. The LWFA x-ray source has a much broader spectrum, enabling its use as a wavelength-selectable backlighter and it has additional advantages due to its much smaller source size and high directionality. This source is expected to have pulse durations even shorter than the laser pulse duration which can enable pump-probe measurements with femtosecond temporal resolution. These measurements therefore demonstrate that the LWFA x-ray source may be useful as a backlighter for time and space resolved probing of high energy density plasmas.
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